Rare earth element (REE) concentrations were determined in 32 rainfall events collected in suburban Tokyo. Two or more samples were collected for 13 events out of 32 events. A pre-concentration method was applied using a chelate resin solid phase extraction column. Good and uniform recoveries for REEs (Y to Lu, 99~101% at pH = 3.7~4.0) were obtained. Detection limits reached as low as 0.001 ng L -1 (for Tb) with a 30 fold pre-concentration using a conventional Q-pole ICP-MS. Clear La and Gd excesses (definition is in the text) were evident in many cases. Y, Eu, Lu and Yb excesses may also exist in some events. In some events where multiple samplings were performed, crust normalized REE patterns changed during the rainfall events. These are the first evidences of clear REE pattern variations during the same rainfall events. The initial and final stage of some rainfall events may have different origins for the REEs. The correlations among the REEs with respect to logarithmic concentrations indicate that most of the REEs are of natural origin while La and Gd may have common anthropogenic components. We propose that materials for high refractive index and low dispersion optical glass production processes could be potential sources of La and Gd excesses because 1) La and Gd excesses are correlated, 2) other sources such as a cracking catalyst for petroleum refining or a contrast agent of magnetic resonance imaging cannot explain the excesses.
loys, catalysts for petroleum refining, carrier materials of automobile exhaust catalysts, medical reagents and high-refractive index low-dispersion optical glasses (Adachi, 2008) . The observed REE patterns in the atmospheric environments may be the results of these industrial usages of REEs. In our previous report (Shimamura et al., 2007) , we found large positive anomalies of La and Gd in some rainfalls collected in suburban Tokyo. Some anthropogenic sources, such as fluidized-bed catalytic cracking (FCC) operation for petroleum refining process, were suggested for the origin of these anomalies. During the course of the experiment, however, we had difficulties determining the REE concentrations for some rainfall events which had extremely low REE concentrations. This was especially true for heavy REEs. Moreover, Sr and Ba concentrations were usually much higher than those of the REEs. Therefore, SrH + , BaH + and BaO + interferences onto REEs + were sometimes significant in the ICP-MS analysis. Thus, pre-concentration and separation procedures of REE would be necessary. The pre-concentration procedures were frequently applied to determine REEs in various samples by liquid-liquid extraction technique using an organic phosphate solvent (Shabani and Masuda, 1991; Nozaki et al., 2000; Aubert et al., 2006) or a chelate resin (Inagaki and Haraguchi,
INTRODUCTION
Recently, many rare metals have been used for various industries and may be emitted to the atmospheric environment along with the production as well as disposal processes. Therefore, it is possible that these rare metals have accumulated in the environment. Among these rare metals, rare earth elements (REEs) have been noticed (Sholkovitz et al., 1993; Bau and Dulski, 1996; Nozaki et al., 2000; Wang et al., 2001; Rühling and Tyler, 2004; Aubert et al., 2006; Kulkarni et al., 2006; Shimamura et al., 2007; Ryu et al., 2007) . Shale-normalized (or upper crust average-normalized) REE patterns in precipitation, particle matters in precipitation, or aerosols were usually different from those in the upper crust or in sea water (Kitto et al., 1992; Sholkovitz et al., 1993; Zhang and Liu, 2004; Kulkarni et al., 2006; Moreno et al., 2008) . It is difficult to explain these REE patterns by the simple mixing of oceanic and crustal sources (Zhang and Liu, 2004) . REEs are used in many kinds of industrial products, such as photo luminescence materials, magnetic al-We have tried to determine the REEs concentrations in the wet depositions by the ICP-MS down to the sub ng L -1 level using chelate resin pre-concentration and separation procedures. We calculated two kinds of enrichment factors (EFs) referring to Na, Al pair and Na, Nd pair (see Results section for the definition) to evaluate the anthropogenic contributions. To clarify the anthropogenic contributions we defined "REE excess" rather than "REE anomaly" using EF referring to Na and Nd.
The main purposes of this report are, (1) to determine extremely low level REE concentrations in the rainwater, (2) to confirm large La and Gd excesses reported by Shimamura et al. (2007) , (3) to investigate the difference of La and Gd behaviors as compared to other REEs during a single rainfall event and to address the source of La and Gd excesses, and (4) to search for hints of other REE excesses with the anthropogenic sources. We investigated REE patterns, normalized to the crust average (Taylor and McLennan, 1985) , to examine possible pattern variations among the initial, middle and final stages of the rainfalls.
EXPERIMENTAL

Rain sampling
The rain sampling method is described in detail in Shimamura et al. (2007) , so we describe it here only briefly. The sampling location was Sagamihara City; 35 km west of central Tokyo. A rain collector, which consisted of four polypropylene (PP) funnels with opening areas of 710 cm 2 each and four 500 ml PP bottles, was prepared. The 500 mL PP bottles and polyethylene funnels were soaked in a high purity organic alkaline detergent (Tama Pure TMSC, Tama Chemicals, Japan) and EL grade HNO 3 (Kanto Chemical Co., Inc., Japan) and then rinsed several times with ultra high purity water (Milli-Q, Millipore Japan, Japan). The cleaning processes were done in a class 1000 clean room. The rain collector was carried out from the clean room about 30 min before the rain started by monitoring rain cloud movement on a web site and was set on the roof of the six story university building. After the rain stopped, the rain collector was recovered into the clean room immediately. Thus, the dry deposition was virtually negligible. After the pH and electric conductivity (EC) measurements, the samples in four bottles were mixed and acidified by ultra high purity nitric acid (Tama Pure AA100, Tama Chemicals, Japan) to give a pH = 1. The samples were not filtered. Some particles partly dissolved with the pH = 1 acidification. We defined the samples as 0.1 M HNO 3 dissolved fraction. The anions (F -, Cl -, NO 2 -, NO 3 -, SO 4 2-) were determined by ion chromatography (ICS-1500, Dionex, USA) for separately collected samples at the same time. Thirty of the major to trace elements (including Na and Al) other than REEs were determined separately by an ICP-MS (HP 4500, Agilent, USA) without pre-concentration. The results for these elements and the anions will be presented elsewhere. Rain sampling was done from January 2006 to October 2007, for a total of 32 rainfall events 50 samples. For 13 rainfall events (four events in 2006 and nine events in 2007), two to five samples were collected for the each event to investigate REE pattern changes during the events.
Pre-concentration procedure for REE
To separate and concentrate REEs in the rain samples, a chelating resin solid-phase extraction (SPE) column MetaSEP ® ME-2 (chelate resin disc was pre-packed, d = 10 mm, l = 80 mm, v = 6 mL, GL Sciences Inc., Japan) was used. Prior to applying this to the rain samples, the retention characteristics of the ME-2 column with a pH change were investigated using REE reagent standards. The chelate column was conditioned by 2 M nitric acid, high purity water, 0.1 M ammonium acetate. Seven REE standard solutions of 20 mL with 10 µg L -1 were prepared and ammonium acetate (Kanto Chemical Co., Inc., Japan) was added to give 0.1 M concentration. The pH of the solutions were adjusted to 2.3, 3.0, 3.7, 4.0, 5.9, 7.1 and 8.1 respectively by 20% NH 4 OH (Tama Pure AA100, Tama Chemicals, Japan) and loaded on the column. REEs were eluted by (2 + 1) mL of 2 M HNO 3 and diluted to 20 mL by high purity water. At pH = 3.7 to 4.0, the recoveries of all REEs including Y were ranged 99~101%. Using these results, we adopted the following separation procedure. A 15 mL of 2 M ammonium acetate solution was added to 300 mL of the rain sample, then the pH of the sample was adjusted to about 3.7 to 4.0 using a high purity 20% ammonium solution. The rain sample was loaded onto the column with a flow rate of approximately 4 mL min -1 . The REEs were eluted by (1 + 2) mL of 2 M nitric acid and diluted to 10 mL by high purity water. Thus, the concentration factor was 30 fold. Sr and Ba recoveries checked by a Sr and Ba mixed standard were only <10% with this running condition. All of the pre-concentration and separation procedures were performed under a class 10 clean bench in the clean room.
REE determination
The REE concentrations in the rain samples were determined by a Q-pole based ICP-MS (HP 4500, Agilent, USA). Although Sr and Ba concentrations were reduced, the oxides, hydroxides and hydrides of these elements could still be a problem. More importantly, those of the light REEs will interfere the heavy REEs. So the instrument was tuned to minimize the oxide productions of Sr, Ba and Ce using a mixed standard solution before the sample analysis. In addition, the production rates of Sr, Ba and REE oxides, hydrides and hydroxides were determined by introducing 10 µg L -1 concentration standards of individual elements with the same running conditions including ion lens settings after the sample analysis. The running condition of the ICP-MS and the typical oxide, hydride and hydroxide production rates are shown in Table 1. Corrections of the interferences were done using these production rates. Note that the oxide production rates of individual REEs were quite different from each other. The oxide production rates for light REEs were generally larger than those for the heavy REEs. However, the productions of SmO and EuO were quite small. To evaluate the precision and accuracy of the analysis, it is desirable to analyze the certified reference materials (CRM) of natural waters with certified values of the REE concentrations. However, it was difficult for us to find out such materials. Instead, we analyzed a CRM of river water SLRS-4 supplied from the National Research Council, Canada. We diluted the SLRS-4 100 times by high purity water since the REE concentrations were expected much higher than those in the rainwaters. The expected REE concentrations in the diluted sample were ranged from ~3 to 0.02 ng L -1 . We took 100 mL of five aliquots of the diluted SLRS-4 and the same separation/ concentration procedures for the samples were applied. Final dilution factor was 10. At the same time, the separation procedure was applied for non-diluted SLRS-4 samples. The results are presented in Table 3 ranged from 348 ng L -1 (Ce) to 1.8 ng L -1 (Tm) and the precisions (2 × RSD) ranged from 4.5% (Nd) to 43% (Yb) (N = 5). The values were consistent with the reported values (Yeghicheyan et al., 2001; Shimamura et al., 2007; Dick et al., 2008) and those for non-diluted samples.
RESULTS
The summary of the REE determinations for 32 rainfall events with total 50 samples are presented in Table 4 , which shows average, geometric mean, median, minimum and maximum of the each element together with the pH and electric conductivity (EC) of the samples. The results of Na, Al and anion species (F -, Cl -, NO 2 -, NO 3 -, SO 4 2-) are also presented as additional information. Na and Al concentrations are indicators of sea salt and soil components in the rain water, respectively. Figure 1 shows box-whisker plots of the REE concentrations [log (ng L -1 )] in total 32 events 50 samples. As is evident in Fig.  1 , the REE concentrations ranged across nearly three orders of magnitudes with the higher abundance of light REEs (La, Ce, Pr, Nd) and showed a clear Oddo-Harkins rule except at La, which is higher than Ce. The median value of each element was slightly lower than the median value in the previous report (Shimamura et al., 2007) .
Enrichment Factors (EFs) and REE excesses
A crust normalized REE pattern is frequently used to investigate positive or negative anomaly of a specific REE. To define "anomaly", it is usually necessary the "normal values" of crust normalized REE concentrations for both sides of the specific REE. In case of La, Lu and especially for Y, such elements do not exist. To investigate such anomalous concentrations, that are presumably anthropogenic, we tried to use EFs. To evaluate contribution of the non-soil (ns), non-sea salt (nss) components, we define EF of an element X as follows
where C x is the concentration of element X in the rain, C x (s) is the concentration of element X of soil component and C x (ss) is that of sea salt component. C x (s) and C x (ss) are given by C x (s) = C Al × X(s)/Al(s) C x (ss) = C Na × X(ss)/Na(ss) where X(s)/Al(s) is the elemental ratio (by mass) of X to Al in soil. We calculated X(s)/Al(s) values from upper crust average (Taylor and McLennan, 1985) . X(ss)/Na(ss) is the elemental ratio of X to Na in sea salt calculated from North Pacific Ocean average (Reimann and Caritat, 1998) . Because the REE concentrations in sea salt are very low, C x (ss) is very small. The average EFs and their standard deviations (SDs) for the REEs are presented in Table 5 . The EFs for most of REEs are very close to unity indicating REEs are essentially crust origin. This is also confirmed by a correlation matrix among Al and REEs in which Al and REEs generally strongly correlated (see later discussion). However, it is evident that averages of the EFs for Y, La, Eu, and Gd, are high and their SDs are also large, suggesting that these elements contained ns, nss Pr 68 ± 2 68 ± 2 6 5 ± 2 6 7 ± 2 69 ± 4 Nd 261 ± 8 257 ± 8 290 ± 20 262 ± 10 269 ± 28 Sm 56 ± 2 5 6 ± 4 57 ± 2 57 ± 3 57 ± 5 Eu 7.8 ± 0.6 7.7 ± 1.1 9 ± 2 11 ± 1 81 ± 1 Gd 27 ± 1.2 31 ± 7 40 ± 2 40 ± 3 34 ± 4
Ho 4.7 ± 0.2 4.6 ± 0.4 4.2 ± 0.2 4 ± 0.5 5 ± 0.6 Er 13.5 ± 0.6 13 ± 1 11 ± 2 1 6 ± 0.9 13 ± 1 Tm 1.9 ± 0.2 1.8 ± 0.2 1.6 ± 0.2 2 ± 0.3 2 ± 0.4 Yb 12.5 ± 0.6 12 ± 0.3 11 ± 2 1 1 ± 0.6 12 ± 0.8 If an EF of a particular REE in a rain sample exceeds 1.64 then we judge that the excess of the particular REE exists.
REE patterns in the rainfalls normalized to the crust average
The crust normalized REE pattern and that of EF pattern referring to Nd of the crust show basically similar shape on a logarithmic plot since C x (ss) of REE is very small. The crust normalized REE pattern preserves concentration differences of the samples while EF pattern eliminates concentration differences.
Some examples of upper crust normalized (Taylor and McLennan, 1985) REE patterns are shown in Fig. 2 . REE patterns may be classified into four groups; (1) basically flat patterns with small Eu excess in May 31 2007 (2) sample (EF = 2.3) (Fig. 2a) , (2) marked La and Gd excesses (EF = 10~33) with smaller Y and Eu excesses (EF = 1.7~4.2) (Fig. 2b) , (3) the Lu excess (1.9~4.7) in addition to the Y, La, Eu, Gd excesses (Fig. 2c) , and (4) other types (Fig. 2d) . Note that (1), (2) etc. shown in the figure legend indicate sampling sequence numbers of the same event. The first group shown in Fig. 2a had relatively flat patterns, indicating that the relative REE concentrations in the rainfalls were similar to those in the crust average. This group consisted of 9 samples out of 50 samples. The second group shown in Fig. 2b had marked La and Gd excesses and we confirmed the observations reported by Shimamura et al. (2007) . This group usually showed Y and Eu excesses as well. This group consisted of 16 samples. The third group shown in Fig. 2c had a Lu excess as well as Y, La, Eu and Gd excesses. Some samples showed a large Lu excess (EF = 4.7), but in many cases the Lu excess was much smaller than those of La and Gd. May 25 2007 (2) sample showed an additional large Eu excess (EF = 8.4). This group consisted of 18 samples. Other samples showed various types of REE patterns as shown in Fig. 2d Eu excess (EF = 3.7). Only one or two samples showed similar patterns. Eight samples belonged to this group. More than 30 samples out of 50 showed La and Gd excesses (EF = 1.9~151 for La, 1.9~364 for Gd) with a smaller extent of Y and Eu excess (EF = 1.7 ~21 for Y, 1.7~8.4 for Eu). Thus, this type of REE pattern is very common feature in the rainfall in this sampling area.
Difference in the REE patterns between initial and final stages
For 5 out of 13 events, REE patterns did not change (Taylor and McLennan, 1985) much between the initial and the final stage. Figure 3 shows examples of this type. The May 31 2007 event (Fig.  3a) was a thunder storm event. Very strong rainfall intensity (34 mm h -1 ) was observed. The rain collection time was only 30 min each. Nonetheless the REE concentrations decreased by about factors of 2.8 to 3.8. Al concentration was also decreased a factor of 3.3. The REE patterns were essentially flat with small Eu excess (EF = 2.3~2.4), and the patterns did not change much. The July 14 2007 event (Fig. 3b) occurred under the influence of Typhoon No. 4, 2007. The maximum rainfall intensity was 11 mm h -1 . This event had clear La, and Gd excesses and all REEs concentrations showed a decreasing trend, but the REE patterns essentially did not change much during the rainfall. The rest of 8 events showed large pattern variations during the rainfalls. Figure 4 shows some examples of these events. The June 09 2006 event (Fig.  4a ) occurred by a low pressure passing through the southern coast of Japan. Two rainfall peaks were observed (5 mm h -1 around 8:00 and 6 mm h -1 around 12:00 am local time). This event started with a very flat pattern. At a later stage, the REE concentrations except for Y, La and Gd decreased more than one order of magnitude, while Y decreased only by a factor of five, Gd did not decrease, while La even increased. Al was decreased a factor of 3.9. As a result, the REE pattern of the later stage showed large Y, La, and Gd excesses (EF = 2.4, 33, 15 respectively). The September 26 2006 event (Fig. 4b) (Fig. 4c ) occurred in a stationary front along the south Pacific coastline of Japan. The REE patterns of the event were similar to one another, however, a large Lu excess (EF = 3.9) was evident in the second stage. In this event, La and Gd excesses (EF = 14, 20 respectively) were enhanced at the first stage. Then the excesses tended to flatten out. Most of the REEs showed lowest concentrations in the second stage while Al showed monotonic decreasing trend. The Sept. 05 2007 (Fig. 4d) this event. The rainfall intensity was very complicated and the rain stopped sometimes. Therefore it is controversial whether this event was a single event or not. We consider that this event was a single event because the event was thoroughly associated with Typhoon No. 9, 2007, and the rain stopped for short times. The REE pattern variation is also very complicated. This event is characterized as follows, (1) the REE concentrations did not decrease monotonically along the rainfall probably because the rain stopped sometimes, (2) Y, La and Gd excesses were clear from the first fraction, (3) the fourth fraction showed very large La and Gd excesses (EF = 46, 172 respectively), and (4) the first fraction showed a large Eu excess (EF = 3.3). Al concentration showed very similar variation to REEs except La and Gd. Thus, we found clear evidence that REE patterns for some of the rainfalls indeed had changed. The pattern changes were characterized by: (1) large variations in Y, La and Gd, (2) Eu variations were evident but less clear variations than those in Y, La and Gd, and (3) sometimes small or large variations in Yb or Lu. This is the first evidence that the REE pattern was changing during a single rainfall event.
Fig. 2. Grouping of upper crust normalized REE patterns
Correlation coefficient
We calculated correlation coefficients among logarithmic concentrations of REEs, Na, Al, and anion species. The correlation matrix is presented in Table 6 . The matrix indicates the followings: (1) REEs generally have very good correlations with each other, (2) the correlation coefficients for La and Gd to the other REEs are clearly lower than those for the other REEs. (3) La and Gd show good correlations with each other, and (4) REEs, except La and Gd show good correlations with Al, while they show poor correlations with Na and anion species. If we examine Table 6 in some detail, we find that the correlation coefficients of an REE to other REEs have the following order, Ce ≈ Pr ≈ Nd ≈ Sm ≈ Tb ≈ Dy ≈ Ho ≈ Er ≈ Tm (r ≥ 0.98) > Eu ≈ Lu (r = 0.94~0.97) > Y (r = 0.90~0.92) > Yb (r = 0.87~0.91) > La (r = 0.63~0.66) > Gd (r = 0.54~0.60).
DISCUSSION
Source of REEs in the rainwater
The REE patterns and the correlation matrix indicate that the majority of REEs originated from the crust (soil). Although Eu tended to show some excesses in many samples, the correlations with the other REEs are good. Moreover, if the source of REEs originates from the soil around the sampling point, Eu excesses may be expected since the majority of the soils in Japan show a higher abundance of Eu (Imai et al., 1995; Takeda et al., 2004 ) as compared to the crustal average (Taylor and McLennan 1985) . Therefore, we concluded that the small Eu excesses 
Source of La and Gd (and possibly Y) excesses
The behaviors of La and Gd were much different from the other REEs. Our observations were of: (1) large La and Gd excesses, (2) no excess in Ce, Pr, Nd or Sm, (3) low correlation coefficients between La and the other REEs, Gd and the other REEs, (4) high correlation coefficient between La and Gd, (5) frequent Y excess accompanied with La and Gd excesses, (6) sometimes large Yb or Lu excesses with La and Gd excesses, and (7) enhanced excesses in the later stages of the rainfalls in many events (not shown in the figure) . The evidences of large excesses and low correlation coefficients to the other REEs indicate that La and Gd may have anthropogenic sources and the contribution of anthropogenic components may increase in the later stage. Good correlation between La and Gd indicates the same or similar emission sources. The Gd anomaly in river waters are attributed to the discharge of Gd-DTPA (Gadolinium (III) diethyltriaminepentaacetic acid) used for Magnetic Resonance Imaging (MRI) contrast agents (Bau and Dulski, 1996; Nozaki et al., 2000; Magnetic Resonance -Technology Information Portal 2010) . This source could explain the Gd excess in the rainfalls, but only for Gd. A possible La excess source would be an additive for a heat resistant carrier of a catalyst (aluminum oxide) for automobile exhaust (Arai and Machida, 1996) . In this case, a Ce excess would be expected since CeO 2 is usually added as an axially catalyst (Kašpar et al., 1999) , though we did not observe the Ce excess. The atmospheric emission of the cracking catalyst for petroleum refining process could explain the presence of La and Gd (Kulkarni et al., 2006; Shimamura et al., 2007) . The cracking catalyst contains high concentrations of La and Gd. However, The cracking catalyst also contains high concentrations of light REEs such as Ce, Pr, Nd (Kitto et al., 1992; Kulkarni et al., 2007) . Therefore, if the cracking catalyst was the source, the excesses of light REEs would be expected along with La and Gd excesses. We did not observe such light REEs excesses. Another candidate would be a material of high refractive index and low dispersion glasses used for optical lenses. These glasses contain large quantities of La, Gd and sometimes Y and/or Yb oxides. The optical lenses are used for digital cameras, video cameras, microscopes and many other optical instruments (Adachi, 2008) . This source is consistent with the observations of above-mentioned (1) through (6). In fact, our preliminary qualitative analysis for a digital camera lens showed large amounts of La and Gd. This lens also contained a large amount of Ta and small amounts of Zr, Yb, Hf and Sn. Another lens contained large amounts of La and Y. We consider that a production process of optical glasses is more likely source of the La and Gd excesses than the cracking catalyst. Y and Yb excesses accompanied with La and Gd are consistent with this source. Unfortunately, we did not monitor Ta, correlations among La, Gd and Ta are unknown but good correlations could be expected in the rainfalls. The determination of Ta would be necessary. There is a major optical glass factory ~5 km northwest of the sampling point. If this factory should be a source, La and Gd excesses may be quite local phenomena and the anomalies could disappear at a distant sampling point. Rain samplings at distant points would also be necessary.
The other anomalies of REEs
We found some other REE excesses other than Y, La and Gd, namely (1) small Eu excess (36 out of 50 samples), (2) a large Lu excess (EF = 2.5~4.6, 5 samples), and (3) a large Yb excess (EF = 12~50, 2 samples). A Eu excess was commonly observed but we consider that many of the Eu excess may be natural in origin. However, some events showed large Eu excess that may not be natural. In fact, lower correlation coefficients between Eu and the other REEs indicate some anthropogenic components of Eu in some events. Eu is widely used for as a fluorescent material, especially in fluorescent lamps. Eu could be emitted to the atmosphere during the disposal process of the fluorescent lamp. A Lu excess was also observed. In many cases the excess was small and marginal, but in some cases, such as the Nov. 23 2006 sample, the Lu excess (EF = 4.6) was large. Slightly lower correlation coefficients to the other REEs also suggest a small contribution of anthropogenic sources. However, since industrial applications of Lu are not common yet (e.g., a single crystal scintillator or fine ceramic additives), we can not speculate on the likely sources. The Yb excess may be explained by the production of optical glasses.
Variation of REE patterns during a single rainfall event
La and Gd may have a significant anthropogenic component. As pointed out Shimamura et al. (2006) , an element in rainwaters with natural origin tends to be scavenged efficiently, while an element with anthropogenic origins tends to have inefficient scavenging processes. Therefore, the scavenging properties of La and Gd may be different from the other REEs. As a result the REE pattern may be changing during a single rainfall event. Figure 4 shows such variations. But the events that are shown in Fig. 4a (June 09 2006 event) and 4b (Sept. 26 2006 event) cannot be explained by the difference of scavenging properties between La, Gd and the other REEs because the La and Gd concentrations were increased (or equal) in the later stage (La and Gd were not scavenged at all). Therefore, we assumed that the REE carrier air masses of the later stage were different from those of the initial stage. The later stage of the rain cloud might contain larger amounts of anthropogenic La and Gd than the initial stage. We investigated 240 hours of back trajectories of the air masses of altitude 1500 m for the events for which multiple samplings were performed. Back trajectory analysis was carried out using a program provided by the Center for Global Environmental Research (2009). The June 09 2006, and Sept. 26 2006 events showed clear trajectory differences between the initial stage and the final stage. The May 17 2007 event also showed a back trajectory difference. In this case, the REE pattern (flat) did not change, but the REE concentrations were higher in the final stage as compared to the initial stage. We observed only these three events which showed clear back trajectory changes. The air masses of altitude 1500 m did not change much for the other rainfall events. Thus we concluded that a large scale air mass change is not main reason of REE pattern variations. Instead, the wind direction of the land surface observed at the sampling site and near by a meteorological observatory station (5 km south west of the sampling station) was changed between the initial and later times in many cases. Large La and Gd excesses frequently appeared when the wind direction was NNE to NNW. The REE pattern change may not be controlled by the large scale change of air mass but the change of land surface wind direction. This situation is consistent with a local source of La and Gd excesses.
CONCLUSION
Lower than ng L -1 level rare earth elements (REEs) in the rainfalls can be detected with a 30 fold pre-concentration procedure using a chelate resin column. BaO + and SrH + interferences were reduced to less than 0.2% while rare earth oxide and hydroxide interferences onto the other REEs were sometimes quite significant (up to 30%). Crust-normalized REE patterns of some rainfall events showed marked La and Gd excesses accompanied by a Y excess with a smaller extent and the observations reported by Shimamura et al. (2007) were conformed. In addition to La, Gd and Y excesses, Eu, Yb and Lu excesses were sometimes observed. The REE patterns were changing within a single rainfall event, suggesting different sources of REEs between the initial stage and later stage of the rainfall event controlled by a local wind direction. La and Gd excesses were correlated and may have common anthropogenic sources. These anomalies may be local phenomena controlled by the local wind direction and a possible candidate of the excess source could be a production process of high refractive index, low dispersion optical glasses.
